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‘1’hc Differential Microwave Radiometer (IIMR) cxpcrimemt on the Cosmic Background Explorer
is in the final year of a schectuld  four years of operation to measure large- and intermediate-scale
iir)isotropim  in the Cosmic Microwave IIackgrounct  (CM13). ‘l%c. I)MR instrument comprises two
independent radiometers at each of three frcquencie.s, 31.5, 53, and 90 GI 17,, where the frequencies were
chosen to best separate the CMB from the foreground emissions from galactic dust and electrons. l’he
radiometers switch symmetrically between two beams of 7“ }]alf-power width separated by 60” on the
sky, and provide a data set of sky brightness temperature differences that allows the determination of all-
sky maps of brightness ten~peraturc  variations at 7“ resolution. l>ata from the first year’s operation were
USCC1 to produce maps of unprecedented sensitivity in which the long-sought intrinsic anisotropies were
idcntifiecl.  Three more years of data will ultimately be available to refine the anisc)tropy  measurements.

1. 1IIST0R%

Several anisotropy experiments (three microwave and one far-IR) along with other cosmic
biwkgrouncl  experiments were proposed in response to the 1974 NASA Anncmncemcnts  of Opportunity
AO-6 and AO-7 for new llxplorer-class  space missions 1-3. A subset of the original proposers was
sclcctcd  by NASA to combine their measurement concepts into a single dedicated mission. ‘1’hey
formed the cc)re of the COB]! Science Working (iro~]p, and worked to define a unified missicm tc)
explore the cosmic background. ‘1’he outcome in 1977 was a proposal to NASA containing the
complementary three-expcrimcrrt approach that became the present COBI{ mission~  . ‘1’he instrument
l’rincipa]  investigators were identified afterward, including George Smoot as the Principal Investigator
for the IIMR experiment. ‘1’he goal of ~he DMR experiment was to obtain definitive measurements of
the CMII anisotropies,  wit}l the objective of measuring the large-scale CMB brightness variations over
the entire sky with an accuracy limitecl  primarily by the ability to account fcm the foreground emissions.

‘1’hc original DMR cxpcrimcnt was planned as a four-frequency experiment that incluclcd
radiometers at 23 GIIz but which had the same symmetric differential design ant! cxpcrimcnt approach
as the flna] version. Two factors affectccl the final clesign. First, the launch date as projecteci  early in the
project ultimately slippecI by many years. Secondly, construction originally began on a spacecraft and
complement of instruments that were designed for a shuttle launch into near-polar orbit from the
Vandenberg launch site, the plans for which had to be scraj~pccl  as a result of the Challenger disaster in
1986. As the launch date slipped the microwave techology in the I~MRs became outdated; further, the
need for grcn(er sensitivity and a shift in spectral emphasis bccamc apparent as mcmc was learned of the
foregrounds from oI~going  astronomical research. Consequently, in 1984, decisions were macle  to
eliminate the 23 Cl] IZ riidiometers, to include newer technology into the remaining instruments, and to
inccmporatc  passive cooling into the cicsigns of the critical 53 and 90 GI IY, radic)meters  to achieve fur[hcr
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improvement in [heir sensitivities. “I”hc 23 G1 Iz. radiomtcrs  were rcplaccd by a series of balloon flights
5 “1’hc  climina[ion  of the shuttle polar c)rbitcr forcxd a miljorwith a 19 (31 17, maser rcccivcr system- .

redesign of the spacecraft to cnab]c a I)clta launch, onc conscqucnec of which was a modification to the
31.5 G] lz, radiometers so that the new spacecraft would fit tl]c cnvclo~)c of the l)clta shroud. CC)III1 was
finally launched on November 18, 1989, and the discovery of (; MI] anisotmpics  was announced by the.
I )MR team on April 23, 1992.

2. JNSTRIJMltN’1’  I) IMIGN

A thorough description of the I>MR design has been given by Smoot et CII.6, and wc summariz.c
hc.rc the, main features of this design. ‘1’}lc I~MR instrument comprises a pair of cffcctivcly independent
radiomc.tm  at each of the frequencies: 31.5,  53, and 90 (31 Ix,. Simplificci schematics of a typical
radiometer pair arc given in l;igurc  1. Each radiornc[cr  is based cm a Ijickc-switched hctcmdyne
rcccivcr schcmc and produces an output that is proportional to the difference bctwccn  the antcnrla
tcmpcraturcs of two identical horn antennas. ‘1’he axes of these horns subtend an angle of 60°, and arc
oriented on the spacecraft so that the spacecraft spin axis bisects this angle. On command, noise sources
inject broadband noise power into the circuit just following the antenna for calibration. In flight the
noise sources are turned on consecutively for approximately onc minute each every two hours. ‘l’he
noise  sources are weakly coupled into the radiometer circuit to produce a change in antenna temperature
of approximately 2 K, will  within the ~4 K range of the lock-in amplifiers but of sufficient strength to
permit mcasurcmcnt  to nmch better than 0,1 % in one minute. L3ach noise source is coupled to both
radiomc[crs of a frequency pair to provide a calibration cross-check. “1’he  local oscillator is common to
both receivers of the pair. “1’hc horn antennas are independent in each of the 53 and 90 G] IZ radiometers,
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l~igure 1: Simplified schematic of I)MR  53 or 90 GIIz. radiometer pair. Sce Smoot et
al.6 for a more complete circuit. “l’he 31.5 GIIz schematic is the same except that the
antennas in each direction are. shared using  ortho-mode transducers to rccei-ve  each
circular polarization.
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bu[ arc shard  bctwccn  [hc 31.5 (;1 IZ radioltw[~’rs  bccausc of size constraints (tlw 31.5 Gf lz radiomclcr
schctllatic  is o(hcrwisc :ls show[l in I;igurc 1). ‘1’t]is sl)aring is :Icconlplishcd  by using  both circular
j)c)l;lfiz,;l[iol]s  rcccivul  by each horn, scp;lra[ir]g, thcm into [hc otherwise indcpcncicnt  radicmctcrs  through
ortho[mxlc  transducers that follow  the horns. ‘1’hc 53 and 90 (i] 17. antennas all rcccivc linear
[Jol:i[i7,:ltiC)rls l)arallcl  to the ~Jl:lnc  of the tlorn opcnin:  angle.

‘1’hc antennas arc ~v:~vclcl~gtt]-sc:~lcd  conical corrugated scalar fmdhorns  designed sj]ccilically  for
higt] Off-ilXiS  SigIlill rcjccticm, and have bcc.11 used in previous iilliSC)WOJ)y CXpC1il]lC1ltS.  ‘1’hC sidclobc
pcrfort]l;incc  W;ls  dC1llO1lstra(c(i  0[1 a prototype at ~ ].4 (i] Iz7, :111(1 lllCilSlllCd  for thC flight horns prior tO
Ia(lnchs.

‘1’lIc  switched outputs of ciiC}] ri~(li~mctcr  arc sent to inclividuit]  lock-in amplifiers that convert the
irltelIllc(li:ltt:-f  rcc][]crlcy powers into pIOpOrtiOIliil  voltages, then tO synchrmolls  dCIllOdllliitOrS  that
I’KOVCr tllc differential SigIlill S fmlll these voltages, and finally 10 integration circuits thi~t  llVCriigC  thC

differential voltages for contiguous 0.5-scc intervals. ‘1’he averaged volts.gcs are sampled ci~ch 0.5 sec by
CXtCI’[li~l  Cliitii  electronics units and incorporated into the spacecraft ciata  stream.

}iach  pair of radiometers is packaged as a single unit with a mechanical design that allows the
thcrl~lii]  loads to bc distributed symnwtrically  with respect to the horn antennas, and a t}lermal  design to
allow prccisc tcmpcraturc  control of those components of the radiometers that arc critically tcmpcrature~
sensitive.. In addition, the horn throat sections are thermally coupled in each racliomctcr  by a massive
i~l[ln~inllll~  thermal short across each horn pair to minimize potential thermal gradients, variations in
wl~ich  nlight  appear as transient signals in the diffcrcntia]  output. In the 53 and 90 ~IIIY, units all circuit
clc.mcnts  from the horn throats through the mixer-preamplifiers arc thermally isolated in a critical region
cnclosurc which is radiatively  coolecl  to space and temperature-controlled to maintain an cnclosurc
tcmpcratl]rc of 140 K. “l’he remaining elements including the noise sources, local  oscillators, and
amplifiers arc located in a warm cnc]osurc controlled at a temperature near 290 K. The entire 31.5 GH7,
unit is maintained at a temperature near ’270 K.

Rcgu]ated instrument power is providcc] by two external units, each of which supplies power to
onc ri~cliometcr  of each frequency pair. ‘1’wo additional units  digitiz,c the analog signals from the
ra(tiomctcrs according to the same connection scheme, and provide communication with the spacecraft.

“1’hc IIMR cxpcrimcnt  takes advantage of symmetries in instmmcnt  design and observational
approilch  to minimize systematic errors and to facilitate their accounting. For example, small
asymmetries in the radiome,tcrs  produce offsets in the differential] outputs which, alt}~ot~gh nearly
constant and small in the context of radiometry (< 1 K), arc ncve.rthclcss  large compared to the
differential sky signal  (S fcw nlK). “lo a good aj~proximation  the 75-SCC spacecraft rotation period
interchanges the beams on the sky every 37.5 see, so that in principle these offsets may bc accountcci  for
i~nd the true differential temperature of the sky may bc obtained by a dcmble-diffcrencing  technique. ]n
the actual  ground processing the offsets are allowed (o be functions of time that vary slowly compared to
the spacecraft rotation period ant! are solved for and removed from the time series of differential
]])~i}s[]~~]]>c])ts,  giving an cffcctivcly  equivalent subtraction. Also, data are rejcctcd when the Ilarth is 1”
bc]ow the l~arth-Sun  shield or higher (5% of data), when the Moon is within 25° of an antenna boresight
(6.6 ~o of diita),  when the spacecraft telemetry or attitude solution is of poor quality (1 .5% of data), or
when any diit~ll]~  deviates from the daily  mean by more than 5 standard deviations (<.001 ~o of data).

Wi[h the offset subtraction and the application of a calibration factor to convert the remaining
(Iiiti]  from r:iw telemetry units to antenna temperature, the data set from each radiometer consists of a set
of brightness tcmpcraturc  differences of points on the sky sepfiratcd  by the horn opening angle of 60”.
‘1’hc one-year precession period of the llci~r-polar  (X3]]]{ orbit ensures that all such diffmmccs  c)n the sky
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:I[cobt:lincd  ;II’lcr  six lll(>lltlls  of cc)llti[l[lc)lls  obscrva[ion. It tv;isrccogrliz.c(l  c:~rlyotl  that such adatilsc[
Lsould  I)c usLYl [o obtain  a rc.lativc mapofsky  brightness by ii Ii[lc:lr lc:tst-sclll:trcs fittinc proccdurc~.  f;or
cx:~mplc,  consider a tcssclation of the sky into a sufficiently large number N of approximately uniform
[)ixcls so th:lt  tl]c vcctc)r  ! with e.lcmcnts “l’i, 1 s i s N, represents a r-mip of the sky at a rc.solution
comparable [o the I~MR  resolution of 7°. We represent the data set as the matrix sij, Whose clcnlcr~ts :irc
the average of all mcasurcmcnts  between the ith and j(f) pixels for those pairs that arc pierced by
directions separated by 60°, and ~,cro otherwise. l:or the purpose of illustration, let NS take the simple
case in which each such n~casurcment  has the same uncertainty CT. “1’hcn  a chi-squared  sum miy  bc
written as

“--Sij) 2N ‘! (’J’i ‘- ~llJ.. -–
/ L L [ ‘--

,&l ‘
2

. .
0i; ] (j}i

1
1.

where the notation (j }i indicates the set of Mi pixels connected to the ith pixel by a differential
n~casurement  and the factor of 112 ensures that each measurement is counted once. “J’he map may be
(ictcrmincd  as the vector t that minimizes ~z. Differentiating %2 with respect to the “1’i and setting the
result to zero yields  the normal equations

Mi M i

“li - -+ ~ ‘l-j = ~ X ‘ij_——. —
i  (.i)i i  (J)i

2.

which comprise a set of N linear equations to be solved for the map elements “1’;. ‘1’hus the determination
of a sky map from differential measurements is an exercise in linear algebra.

“1’hcsc  equations may be expressed in matrix form

where Mii = 1, Mij (&i) = l/Mi if j is contained in (k ]i or zero otherwise, t is the map vector, and the
elements of the measurement vector 1) are the sums cm the right-hand side of Ilc]. 2. M is readily shown
to be singular, which is to be expcctcd  inasmuch as the differential measurements arc insensitive to the
absolute, temperature level of the map. l’his singularity is easily removed by arbitrarily specifying one
map temperature. M is also large (N = 1000 for 7° resolution, while N = 6144 is used in the I>MR
Prc)ccssirlg), ancl sparse, since the vast majority of elements Mij arc zero, so that iterative sparse matrix
techniques arc used to invert Ilq. 3.

Subsc(tuentlv  this amroach  has been ext)anded  into a more sophisticated sparse-matrix inversion
which uses thi entiri set o{~me-series differcn{ial measurements ins;cad  of the a~eragect  pixt
difference data, and solves for the amplitudes of assumed time-varying error functions as wel’
map vcctorlO1  11. In this approach the normal equations become

Mot=vt.d

where

M= VtOV

as the

4.

5. .

and v is a rc.ctangular matrix of small dimension N -i I), where n represents the number of functions
W}1OSC  amplitudes are sought, an(i long dimension Nob~, which is the number of ().5-scc integrations in
the time series data. l{ach row of V (i.e., across the N +- n dimension) contains 1 for the pixel pierced by



IIIL: posi[ivc  horn, -1 for the pixc] picwcd by lhc negative horn and mm for the remainder of [he map
pix~’1  VIL,IIIL>IIIS,  ;InLi [i~c cvaiu:itc(i  fu[]c[ion va]ucs for tile, function CICIIICntS  fron] N -I I to N -} n. ‘1’hc.
N-t r]-(iil]l~’t]si(~t];~i  [nap vcc[or t now includes tiIc cmm function amplitudes 1:(1, 1 S q < II in a(i(iition to
[hc [Jixci  tcmpera[urcs,  anti ti}c N(Jl~s-clil]~c[~sic)(]:il  ciat;i vw[or  d is tiIc time series of {ii ffcrc. ntial
11)(’  ;ls(lt’(’l)lt’ llts.

“i’his refcmlula[ion  permits one to search for and remove anticipate(i  systcmtic  errors tila[
(icpcn(i prc(iictablyon  known parameters of tllcobscrvalion. An important example of such an error is
the susceptibility of the ciiffcrcntial output  10 tile strength and alignment of the llarlh’s  magnetic fiel(i
musr[i  by otherwise }l:lrci-to-rllc:isLlre  magnetic susccptibi]itics of ra(iionlcter  components (the fcl”l”itc
I)ickc swi[chcs, for example). “l’his type of susceptibility produces h signal in t}lc differential output
wi~icl~ is silniiar tc) a signai  from sky brigiltncss  variations, hut which can be icicn[ific(i  in the long-tcnn
til]~c  series by its unique correlations wi[h the ra(iiomctcr oricn(ation in the magnetic ficl(i. O[hcr
systematic errors which i]ave been scarchccl for in the time series data inc]ucic  emission from the }iarth
[ii ffractcxi  aroun(i  the ~01111  Sun- Ilar[h shield, RI~l from geosynchronous satcliites, an(i instrumental
thcrmai  susceptibilities. ‘1’hcse  errors are not easily handicd  by the above formalism bccausc of either
the lack of a known fllnctional  form for the error or sufficiently sensitive knowledge of key parameters,
but have been scarche(i for by mapping as above in coordinate frames in which the suspect signals arc
iikcly  to be coherent (e.g., Earth- or spacecraft boct -ccntereci  frames). l.irmits for these and other forms

?of systematic errors are discussed by Kogut er all .

4. CAI,IBRA”I’I{)N

‘1’hc DMR radiometers were absolutely calibrated prior to launch using temperature-controlleci
warm anti cold lo:icls  in a t}lerl~lal-vacll~lll~  test chamber. “J’hcse  calibrations were transferred to space via
the noise sources un(icr the assumption that the latter rcmaine(i  stable from t}le time of the chamber
mcasureme.nts  through launch. Additional methods for independent absolute calibration use
observations of the Moon anti the modulation of the ~MIl  dipole as the Earth goes around the Sun.
Relative calibration is also provided by the noise  sources and by the Moon and dipole observations, and
is ncccssary to ensure that instrument gain variations do not generate artifacts in t}le maps.

4.1 Absoiu(e  calibration

‘1’he grounci-basecl  calibrations have been described by I+cnnett  et O1.1 ~, and arc estimated to yield
abso]utc  accuracies ranging from 1 % to 3% cicpcn(iing  on radiomcte.r. These calibrations have formed
the basis for the anisotropy results presented to date. ‘l’he data obtained in flight offer additional
mcti~ods for in(iepcndcnt  absolute calibration, also described by IIennett cl al., IS which are valuable for
the crosschecking and possible improvement of these calibrations.

‘1’he Moon passes through the plane of the ~OllE orbit twice per lunar orbit (see Figure 2), where
it is seen frequently by the IIMRs.  “1’hc microwave, brightness temperature of the Moon can be prcciictcci
as a function of frequency anti lunar phase to the extent that the thermophysical properties of the upper
fcw centimeters of is surface are known, Using an emission mode] base(i on Apollc) in situ data,
Kciilm 14 has cicvelopcd  a uniform “average” global  mode] for spatially unresolved lunar microwave flux
nmlsurcme.nts for use in calibrating the col~li  DMRs. “l’he 0.5° angular diameter of the Moon is much
smailcr that a DMR beamwidth, so ti~at tile disk-averaged brightness temperature along with its scdid
angic  and emission centroi(i  are sufficient for this purpose. l;igure 2 shows the disk- averagecl  brip,htness
tcmpcr:itums preciicte.ci  by this moclcl  at the DMR frequencies. As (iescribcd  by Rennett et al. 13, the
Moon observations by the IJMRs are analyzed in a least-squares fitting procedure to clcterminc mean
pointing offsets and the on-axis antenna temperatures. ‘1’hcsc  temperatures are. used with the model
prt>ciic[ions and knowledge of the l)MR  beam solici  angles from groun[i-based  data to determine the
Ilh’1]< gaius. Accounting for ~lnCcrtainties  in the model, Keihm estimated an overall accuracy in average
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disk tcmpcraturc  of about 4% nc.ar 2.90” phase, and an additional 2% with Ijhasc witt)in the I)MR
observational range.

‘1’hc  velocity of the spacc,craft  with rcspxt  to the (; MI\ varic.s  significantly during the year as the
i;:lrlh goes around the Sun, wt)ich  prcduccs  significant  varialicjns  in [}IC ~UMIl ciipo]e  aniscmopy  through
the I)oppler  effect. I:or example, the (X)1111  orbit aroun(i  the Iiarth and the Iitirth’s  velocity around the
Sun produce modulations of about ().()7 n~K and 0.3 nlK, respectively, of the -3 n~K dipole amplituclc.
‘1’hc velocity variations arc well known, so the assumption that the ~Mll spectrum is Planckian (now
well valicia[cxi b the I~IRAS experiment ts) leads to cxtrcmcly accurate predictions for these
nlodulations131 ?’6. Analysis of the first year’s data has led to absolute calibrations using  this technique
with uncertainties that arc limited by the noise of the racIionlctcrs  and r:ingc from 2.8% for the 53A
radiometer to 6,8% for the 31 A radiometer. ‘1’hcsc should improve by a factor of two after four years.

:lio -40 0 $il 1 io

PHASE ANGLE, DEG

I;igurc 2: Keihm’s model  for the clisk-avcr:igcd  ltlnar brightness temperature as a function
of phase and polarization at the DMR frequencies. ‘l’he I)MRs  view the Moon only in the
unshaded regions.

A further calibration approac}l  which remains to be explored is the use of the. dipole amplitude
itself. l’he precision of the I>MR dipole amplitude measurement after one year ranges from 0.5% in the
53A radiometer to 1.3% in the 3113 raclion~ctcr16,  while the dipole amplitude has been formally
determined from the FIRAS data to an accuracy of 0.5% (95% (3.) by ]’ixsen er al. 17. The DMR
precision quoted above inc]Lldes instrllnlcr~t noise  and systcmatics  (e.g., residual magnetic suscept-
ibility), but not galactic contan~ina[ion,  which  increases these errors to 0.8% and 1.9% respectively.
l’rcwided that residual Galactic contamination in both the l~IRAS and l}MR can be accounted for and
that possible deviations from a Planck spectrum arc consiclcrcci, the dipole amplitude can be used to
transfer the precise l~lllAS  absolute calibration to the I> Ml{ with a potential improvement tit all DMR
frcqucncics.



4.2 Relative calil)t-a[iot]

“I’tlcg:\ill  cJfc:\ctl r:l(liorllctcr lll:\y  v:lrydllr  i[lgttlc cc)llrsc oft}lclllissic)rl.  If[l]c noiscsourms
remain s[ahlc, then these gain variations can bcmonitorcd  andrcmovcd  using tllclloisc  s[)~lrccolltpll(s.
l(`tllc  [l{>isc  sc)llrccs [llclllsclvcs  v:~ly,l lo\vcvcr,t  llcfla(l(litiotl:  ilrcfcrctlccsr  llllstbcllsc(l,  llothnoisc
sources  arc seen in mctl radiometer ofa pair, so that thccvcnts  of an individual noise source  output
fluctuation or a radiometer gain change can be readily identified. ‘1’he general case of both gain and
noise source variations requires an external source for identification, however.

]Ioth tl~c MooI~:irlci  tl~c CMlldi]~olc ])rovi(lc st:tnd:ird  c:~rl(Ilcs  totr:ick  c:ilibr:iti()rl  (]1`ifts0rltilllc
scales of several weeks or longer. When it is within the IIMR scan path, the Moon provides a source
that can bc measured by each radiome[cr to bct[cr than 1 % in total flux each orbi[al pass. A drawback is
that the strong phase CIepcndence  of this flux c;innot  bc completely removed by an a priori model, and
the same is true to a lesser extent for annual effects due to the varying liarth-Sun  distance. I.unar
observations previously prescnttxi  through the first -500 days have shown a two-week interleaved 5%
]~}l:tsc-(le~)cr~dcrlt  systernrrtic  error (-4% variation from first to third uarlers and -2% variation within

7300 of each quarter), and a sinusoidal annual variation of about 2%. ] -

‘1’he differences between the observccl  lunar signal and the prcciicteci  lunar model can be expected
to be repeatable in both phase and lkirth-Sun distance. We have added empirical functions (quadratic
phase  anti sinusoidal annual terms) to the Kheim lunar model to remove these variations from the
observed lunar calibration, in effect forcing the Moon to act as a standard candle referenced to a single
(arbitrary) phase and time of year. }:igure 3 shows the changes, in percent, of the ratio of the resulting
lunar stanclar(f  to the calibration clcrived from the on-board noise sources, for both channels of the 53 and
90 Gllz. radiometers. Each point represents approximately one day of lunar obscrvaticms  compared to
the average of all noise source calibrations during this perio(i.

Ratioing the lunar gains with the gains from the noise diodes removes the effects of radiometer
g:iin variations, but does not remove variations in the mean output of the two noise sources (the noise
source  gain is based on the sum of the outputs from the two noise source firings seen in each
radicm~eter). Insofar as the fitting has removed residual Moon moclel  imperfections, the residuals in
I(iS.ure 3 show variations in the mean noise sourm outputs, “l-he solid  lines  show linear fits to the
re.srduals and indicate slow clccreases  of less than 0.1 % per year in the mean 53 GI 17 nc)ise  source
outputs, ancl  approximately 0.8% per year  in the mean 90 GHz noise source outputs. “J’he scatter is in the
range 0.3% - 0.4% for the four radiometers and is consistent with the uncertainty in the cletermination  of
the Moon signal  amplitude represented by each point, which is the dominant source of uncertainty. l’his
analysis is preliminary and the individual noise sources have not yet been cross-compared over the entire
time period shown in F’igurc 3 to narrow the source of the drifts. Also, the data beyond the first year
have not been fully validated.

Kogut cr cr[.]z have examinec~  the effects of potential long-term drifts of t}le calibration on the
sky maps, for example finding a 0.470 per year calibration drift to result in a pixel-to-pixel standard
deviation <0.7 pK (95Y0 (21 .). IIcnce t}~e  clrifts cliscussecl  above have negligible impact cm the
nvsasurcment  of the -30 ~[K CM]) structure (see below).

s. 1<1;S1)1 ,“1’S

“1’hc calibrated, sortecl, and corrected I)MR maps are dominated by two principal features,
:! dipc)le anisotropy and the elnission from the Galnctic  pltinc, both of which are readily visible in the
lnaps. ‘J’he dipole anisotropy is present in all of the channels with an average tllerl~~c)(lyrlarl~ic
temperature amplitude c)f 3.365 f- 0.027 nlK in the direction 1 = 264.4” ~_ 0.3”, b = 48.4°3.0.5° where 1
iln(l-b are galact_ic  ]ongitude  an(i latitude respcctively]c. ‘l’he dipole amplitude is approximately 0.1% of
Ihc back~,round  temperature (2.726 K) measured by the COIII+-FIRAS expcrirmnt.  It is difficult to
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DAYS FROM LAUNCH

liigure 3: Percentage cleviation of Moon/noise source gain raticj  from unity after removal
of et~l~~irically-deterl~  li[lccl systematic erl-cx functions of lunar phase and year from the
nominal Moon model. “l’he analysis is based on preliminary data after the first year, but
indicates slow decreases of approximately 0,170 anti 0.870 per year in the sum of noise
source outputs in the 53 and 90 G] Iz. radiometers respectively.



i[llcrljrct  lhc cosmological significance 0( the dipole - it could result from motion of the Solar systcm
\vitll  r~’l)cc[ [o [I]c f;L’vII/,  or i[ could  be in[ri[lsic  [O [lIC <; Ml] i[sclf. ‘1’hc large (120:  1) ratio of clipo]c  [O
cluadrupolc  an~plit[ldc  and the agrccmcnt  bctwccn  the velocities inferred from the CM]) dipole and
{]l)[iuill,  inftarcd, or tcdshift  surveys arc cviclcnce  for a I)oppicr  origin of the otmrvcd  dipole anisolropy.
Wc lhcrcforc assu[llc lhat the entire dipole results fmln our pwuliar  velocity with rwpcct  to the rcs(
fr:~tnc  c)f the CMI1, and correct the maps for the resulting l>opp]cr  effect including the quadrupolc
caused by second-order terms. ‘1’hc mean, dipole, and kinctmtic  quadruple (L41)KQ) arc removed from
tllc maps in order to examine the data for higher-orcler anisotropy.

‘1’hc M1}KQ-ren~ovcd  maps show no obvious features away from the Galactic plane.  “1’hc
ciis[ribution  of the temperatures in the incliviclual  2.6 de~rcc pixels is within a few pcrccnt of the
cspcc[cd instrument noise ( = 150 pK) for the intcgratic)n  times of the mcasurcmcnts.  Ilctcction of
additional features in the MI~KQ-removed maps requires careful statistical analysis and/or averaging
over lillgL’r iiIl~ICS.  l’hrcc methods of :inrrlysis  which have been usccl  (o search for features arc 1 ) to
examine [hc smoothed map variance, 2) to measure the quadruple and hi~her order spherical moments
of the maps, and 3) to analyze the structure of the correlation function. “1’he application of these
statistical techniques has been necessary to arrive at the most significant results from the IIMR
experiment.

‘1’hc discovery ami interpretation of structure in the DMR maps was r@m-tcd in a series of papers
published in 199212,  18-20. SmoOt Cr a~.lg have shown the 31,53, ancl 90 GIIz maps as smoothed with a
Gaussian of 7“ }: WJIM. l’aking into account the intrinsic smoothing by the CORH antenna pattern, this
additional smoothing results in a net 10 dc. grm smoothing c)n the sky. ‘l’he smoothed maps reveal
intrinsic fluctuations in sky temperature as may be clecluced from the following basic analysis. “1’hc
varianm  of the maps is the quaciraturc  sum of the instrument noise (ol~~~)  and the intrinsic fluctuations
011 thC s k y  (~skY):

6.

‘1’hc (A+}l)/2  sum maps provide an estimate of Ozoh and the (A-11)/2  difference maps provicle an
cstin]ate  of ~?’~>~,R. Using only the data for Ibl >20 clegrccs,  we obtain

‘ S k y = 30+5)IK 7.

‘1’his amplitude is approximately 11 parts pm million of the total brightness temperature of the sky.
Correlation analysis performed on the maps reveals the fluctuations to be consistent with structure all
scales  observed by the lIMR,  while spherical analysis gives positive detections of the quadruple and
higher moments as well as the dipole.

‘1’hc primary I’)MR result related to cosmology is the detection of intrinsic temperature
fluctuations on the sky ~sky. long sought after based on theoretical considerations, these temperature
fluctuations are believed to be a manifestation of primeval density perturbations which, in turn, are
responsible for the large scale structure of the universe. ‘J’hc lIMR  maps are consistent with a scale-
invariant spectrum of such perturbations. Structures as large as hundrecls  of millions of light years have
previously been measured with ground based telescopes, The structures measured by I)h4R are even
larger, stretching across the whole sky. “1’hcy arc the largest structures ever observccl.

1,argc scale density fluctuations in the early universe are believed to have provided the gravity
fields that shaped the hierarchical spatial structures seen toclay, including clusters and supcrclusters of
ga]axics.  The observed temperature fluctuations arise from differential gravitational redshifts of the
l~hotons as the photons exit regions with different gravitational potentials in the early universe. This
phenomenon is called the Sachs-Wolfe effect. ‘1’he less bright regions arc thus intcrprctcc]  as originating
from regions of higher clc.nsity.  ‘1’hc photons mczrsurccl  with the I)MR instrument reflect on the



B

Coll{liti{)ns  dtmut 300,()()()” yews ;Iltcr the I]ig Il;lng, when the photons were last scattered by frw
cl L’c[l”uns.

.Ackl~tJivlcclg,cl~lc[lts:  “1’hc CO131\ l~MR rcprcscnts the cffcms of many individuals over the years,
Incl(i(ling tllc l>MR l)rinciplc Investigator George Smoot alo[~g with the other mcmbms  of the COI{I;
Science \Vorking  Grcmp,  and the many professionals associated with the COIIE project at (I1c Go&lard
Sp:Icc l~light  Center where the. DMR wits designecl ancl  built, “1’hanks  arc duc to C. Ilackus,  now at J]’ I.,
G. 1 linshaw of GSI;C, and P. Jackson of 1 Iughes SIX Corp. for their assistance in assembling the lunar
calibration data presented here. CORI; is supported by the Astrophysics Division of NASA’s Office of
Space Scicncc and Applications. l’ortions  of this work were done at the Jet Propulsion 1.aboratory,
California Insti[utc  of “I”echnology,  un(icr contract with NASA.
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